The genetic control and molecular mechanism of IRform structure are common in the human genome and induced genomic instability has been studied extenmay be sources of instability. An IR involving the husively in E. coli (Erlich, 1989; Leach, 1994 
separated by a 12 bp spacer was inserted into the LYS2 gene on chromosome II. As a control, two copies of Alu in direct orientation, which cannot form a hairpin or cruciform, were inserted at the same chromosomal location. Recombination between lys2::Alu and the lys2-⌬5Ј allele located at the LEU2 locus of chromosome III can generate Lys ϩ prototrophs through simple gene conversion of the insert-containing allele or gene conversion associated with crossing-over.
MRE11, RAD50, XRS2, and SAE2 Strongly Affect Recombination Induced by Inverted Alus
An Alu-IR increases recombination nearly 1000-fold in a wild-type strain (Table 1 ; Lobachev et al., 2000) . Unlike other types of recombination induced in mitotic cells, there was a strong dependence on the MRE11, RAD50, XRS2, and SAE2 gene products: deletions of these genes eliminated 99% of the Alu-IR-stimulated recombination. The efficiency of Alu-IR-stimulated recombination was also reduced in mre11-H125N and mre11-D56N mutants, which lack Mre11 endonuclease activity (Moreau et al., 1999), and in a "separation-of-function" rad50S meiotic mutant that affects resection but not formation of meiotic DSBs (Alani et al., 1990 ). The effects 
An Alu-IR Causes Chromosome II Breakage and Rearrangement
The Mre11 complex and Sae2 protein are considered (Alu-IR) is highly unstable in yeast Saccharomyces cereto be required to remove Spo11 protein from the ends visiae. The Alu-IR caused a 1000-fold increase in homolof DSBs that appear during meiosis (reviewed in Haber, ogous recombination (Lobachev et al., 2000) . In the pres-1998). The rad50S and ⌬sae2 mutants are unable to ent study, we investigate the molecular basis of Alu-IRprocess protein-capped ends, and as a result, they acinduced recombination in yeast, and we explore the role cumulate DSBs (Cao et al., 1990; Keeney and Kleckner, of the Mre11 complex in maintaining the stability of Alu-1995; McKee and Kleckner, 1997; Prinz et al., 1997). The IRs. We show that an Alu-IR can result in a novel type nuclease-deficient mre11-H125N mutant also accumuof DSB in mitotic cells. Using a newly developed aplates meiotic DSBs, indicating that it has a similar defect proach for analyzing rare mitotic chromosomal breaks, (Moreau et al., 1999) . This suggests two possible roles we demonstrate that resolution of a secondary structure for the Mre11 endonuclease during Alu-IR-induced miformed by IRs results in broken molecules that are totic recombination. An IR could form a hairpin or crucicapped by a hairpin. Unlike the case for other types of form that is cleaved by the Mre11/Rad50/Xrs2 nuclease, DSB-induced mitotic recombination, IR-stimulated regenerating a DSB that would strongly induce homolocombination strongly depends on the endonuclease acgous recombination. In mre11, rad50, xrs2, and sae2 tivity of Mre11/Rad50/Xrs2. Failure of the mre11, rad50, strains that are deficient in Mre11 endonuclease, the xrs2, and sae2 mutants to open and process the hairpins secondary structure would be more stable, and IRleads to chromosome inverted duplications, suggesting induced recombination would be greatly reduced. Alteran additional role for the Mre11/Rad50/Xrs2 complex natively, IR-mediated secondary structure could be reand Sae2 in maintaining genome stability.
solved by proteins other than the Mre11 complex. In this case, a DSB would be generated with modified ends that specifically require the endonuclease activity of Results Mre11/Rad50/Xrs2 and Sae2 function for processing. This mechanism might be similar to the processing of Experimental System Mitotic ectopic recombination between two lys2 alleles meiosis-specific breaks that involve Spo11. The first hypothesis predicts that DSBs can be detected in a was used to determine the ability of an Alu-IR to cause genetic instability (Lobachev et al., 2000; Figure 1 ). An wild-type strain carrying an Alu-IR, while DSB formation should be significantly reduced in mre11, rad50, xrs2, Alu-IR formed between identical 320 bp inverted Alus To address these possibilities, DNA from strains carcombination, the frequency of broken chromosomes is only ‫%2ف‬ (see data above). Use of the previous DSB rying an Alu-IR or a direct repeat was analyzed using transverse alternating field electrophoresis (TAFE) and Southern blot hybridization. Chromosome breaks were detected using a probe for TYR1 approximately 100 kb from the insert-containing LYS2 gene on chromosome II (Figure 2) . If an Alu-IR causes a DSB at its insertion site on chromosome II, the TAFE gel should have one 813 kb band (intact chromosome II) and one 343 kb band. Since large DNA molecules are probed in this assay, the effect of the DSB processing (such as singlestrand degradation) on the detection of the broken chromosome should be minimal.
No DSBs were detected in the control strains carrying a direct Alu repeat (Figure 2) . In contrast, a chromosome fragment was identified at a position corresponding to the anticipated DSB in strains carrying an Alu-IR. The DSB frequency was ‫%2ف‬ of the intact chromosome II DNA for both the wild-type and ⌬mre11 strains. This result suggests that the Mre11 complex is involved in processing of the IR-induced DSBs, not in producing the DSB. Surprisingly, a ‫007ف‬ kb DNA fragment (nearly twice the size of the broken chromosome II product) was also present in the strain carrying the Alu-IR (Figure 2 ). This fragment was readily visible in the ⌬mre11 mutant ‫%01ف(‬ of the total DNA) but was barely detectable in wild-type cells. As discussed below, this fragment is The chromosomal DNA from strains containing direct and inverted Alu repeats was embedded in agarose plugs, digested with I-SceI, and electrophoresed into the agarose gel to release the broken fragments. Southern blot hybridization was performed using LYS2-specific probes (solid rectangle). The DSB and the asterisk next to the gel panels correspond to broken and rearranged molecules, respectively. Horizontal arrows indicate position and the sizes of the bands corresponding to the DSB and rearranged fragments (asterisk). The 1 kb (A) and 2.2 kb (B) size markers were obtained by SalI-I-SceI digestion of the genomic DNA prepared from the wild-type strain containing inverted Alus. Also included are the positions of the 1kb ladder markers, which were detected on the ethidium bromide-stained gel. The ability of the Alu-IRs to induce DSBs was assessed in the following strains: wild-type, ⌬mre11, ⌬rad50, ⌬xrs2 ⌬sae2, mre11-H125N, mre11-D56N, rad50S, and ⌬mre11⌬rad52. Wild-type and ⌬mre11 strains with direct Alu repeats were used as controls. mapping method yielded nonspecific bands of compaobserved ( Figure 3A) . A similar result was obtained when the DNA was examined from cells containing an I-SceI rable intensity to the expected DSB bands (data not shown).
site centromere-distal to the IR. There was a 2.2 kb fragment that corresponded to a break in the IR region, We found that the ability to map rare DSBs in mitotic cells was greatly improved if a unique restriction site plus there was a fragment that was twice as large ( Figure  3B ). Identical results were obtained using a probe spe-(i.e., one not present elsewhere in the genome) was positioned next to the place of the anticipated break cific for Alu sequence (data not shown). The unprocessed DSB and double-sized rearranged and the DNA was cut following gentle preparation of chromosomal DNA. An I-SceI recognition site was cremolecules in mre11 mutants could be seen at the chromosomal level as well as at the fine-scale level using ated in the LYS2 gene either 0.7 kb upstream or 1.9 kb downstream from the Alu-IR ( Figures 3A and 3B ). Cells the I-SceI mapping approach (Figures 2 and 3) . However, DSBs could not be detected in a wild-type strain were lysed in agarose plugs, and chromosomal DNA was first digested with I-SceI and then separated using when genomic DNA was cleaved with I-SceI located close to the anticipated position of a DSB, while analysis agarose gel electrophoresis. Digestion of the chromosomal DNA with I-SceI releases fragments that migrate of the chromosomal breakage showed equal amounts of the DSBs in wild-type and mre11 mutant. This disinto the gel only if they contain a DSB near the rare cut site. Southern blot hybridization was carried out using crepancy might be due to DSBs being processed quickly by the Mre11 complex. If so, they would not be detecta LYS2 probe adjacent to the Alu-IR.
No DSBs were detected in the wild-type or ⌬mre11 able by the I-SceI mapping approach where small molecules (1.0 and 2.2 kb) in the immediate vicinity of the strains containing direct Alu repeats, nor were they observed in wild-type strains with IRs. However, when break are probed. In the chromosomal breakage assay, much larger molecules ‫343ف(‬ kb) are analyzed using a chromosomal DNA from mre11, rad50, xrs2, and sae2 mutants was digested at the centromere-proximal I-SceI probe nearly 100 kb from the Alu-IR so that variation in their length due to processing would not affect detecsite, a 1.0 kb band was detected, consistent with a DSB in the Alu-IR region. In addition, a 2.0 kb band was also tion. Overall, the chromosomal and fine structure analy- To distinguish between these two possibilities, DSB fragments were analyzed by 2D gel electrophoresis unUnprocessed DSBs Are Terminated by a Hairpin der native and denaturing (alkaline) conditions. and Can Lead to an Inverted Duplication Chromosomal DNA was prepared from the ⌬mre11 The 1.0 and 2.2 kb DSB fragments detected in I-SceIstrain and digested with I-SceI as described above. cleaved DNA are expected if a breakpoint occurs in the Electrophoresis in the first dimension was under neutral spacer region of the Alu-IR (SalI site in Figures 3A and conditions. Slices were cut from the gel lanes so as to 3B). If the Alu-IR induces a DSB because it forms a include both the DSB fragments and the double-sized secondary structure, the simplest interpretation of these rearranged molecules. These slices were run in the secdata is that the cruciform is recognized and cleaved by ond dimension of electrophoresis under neutral or alkaan endonuclease other than the Mre11 complex. A DSB line denaturing conditions ( Figures 4A and 4B ). In the can form if both hairpins of the cruciform are nicked in case of digestion with the proximal I-SceI site followed the loop. Alternatively, the cruciform can be resolved by neutral/neutral gel electrophoresis, the expected 1.0 by symmetrical cuts at the base of the hairpin. In both kb DSB and 2.0 kb rearranged fragments were detected cases, the DSB fragments will have the same size and ( Figure 4A ). When the second dimension electrophoresis mobility in an agarose gel, but the structure of the ends was carried out under alkaline conditions, the 1.0 kb will be different. In the former case (nicking in the loop of each hairpin), the DSB fragments end in a simple duplex fragment gave rise to a band that migrated as As expected, the induction of I-SceI led to a large increase in recombination between lys2 alleles, comparable to the rate observed in strains containing inverted Alu repeats. However, the genetic control of recombination stimulated by inverted Alu repeats was very different from I-SceI-induced recombination (Table 1) tants than in the wild-type strain (Table 1 ). This result suggests that Mre11/Rad50/Xrs2 might participate in proNasar et al., 2000). The appearance of breaks involves genes that produce DSBs during meiosis, including cessing Alu-IR-induced DSBs. This hypothesis was confirmed using our newly developed I-SceI mapping method, Spo11 (Nasar et al., 2000) . In vegetatively growing yeast, a tract of 250 CTG repeats strongly induces homologous which showed that Alu-IR-induced DSBs accumulate in mre11, rad50, and xrs2 mutants ( Figures 3A and 3B ) but recombination and can lead to chromosomal breakage that is detectable in a rad50 mutant (Freudenreich et are not detectable in wild-type cells. In the mre11 mutant, the unresected DSB intermedial., 1998).
As shown in the present study, Alu-IRs induce both ates induced by Alu-IR have terminal hairpin structures ( Figures 4A and 4B ). This hairpin-capped DSB structure DSBs (Figures 2 and 3 ) and homologous recombination (Table 1) 
Duplication and Genome Instability
We found that, in addition to inducing DSBs, the Alusmall reduction in I-SceI-induced recombination in the ⌬mre11, ⌬rad50, ⌬xrs2 mutants and the absence of any IRs led to the formation of rearranged molecules that were twice the size of the broken fragments (Figures 2  effect for mre11-H125N, mre11-D56N, rad50S , and ⌬sae2 mutations (Table 1) . and 3). They accumulated in mre11, rad50, xrs2, and sae2 mutants. The rearrangements were chromosomal The hairpin end at the Alu-IR-stimulated DSB might protect the broken molecule from exonucleolytic degradicentric and acentric inverted duplications with Alu-IRs at their centers of symmetry (Figure 4) . Both duplications dation. In that case, the unprocessed DSB end would not be recombinagenic, and the Mre11/Rad50/Xrs2 enwere detected using the I-SceI fine-scale mapping approach. However, the dicentric was not detectable at donuclease would be required to open the ends to facilitate recombination events. In mre11-H125N, mre11- the chromosomal level. This is because its size (940 kb) and the relatively small amount would result in masking D56N, rad50S, and ⌬sae2 mutants, the Mre11 complex fails to open the hairpins, recombination is strongly reby the unbroken 813 kb chromosome (data not shown). Furthermore, the breakage of the dicentric chromoduced (Table 1) , and unprocessed DSBs accumulate ( Figures 3A and 3B) . 
